Recent studies have found various compounds that can extend lifespan in different species. Amino acids as regulators in nutrition process and anti-aging have been investigated, but inconsistency existed in the literature in the context of lifespan-extending roles of some amino acids in C. elegans. In this paper, we measured the effects of individual branched-chain amino acids (BCAAs, leucine, valine and isoleucine) on lifespan in C. elegans. We found that 1000μM and 10000μM leucine could extend lifespan significantly coupled with increased stress resistance of thermotolerance, anti-oxidation and anti-UV irradiation. Furthermore, we used daf-2 and daf-16 mutants to explore the possible molecular mechanism of Leu-induced lifespan extension. Results suggested that the function of Leu on aging regulation is dependent on Insulin/IGF-1 (IIS) signaling. Our work confirmed that BCAAs play an important role in IIS signaling pathway to regulate aging and intake of such nutrients may also be good for healthspan in C. elegans.
Introduction
Aging can be regarded as degeneration of organisms to maintain normal functions in late days, which increases risk of diseases and death. However, the fact that different species have relatively fixed lifespans suggests that lifespan determination shall be a highly regulated process. Thanks to advanced knowledge in aging research, several age-related phenotypes and longevity regulators have been identified. One easy way to study aging is to use simple, experimentally cultured organismal models such as Caenorhabditis elegans (C. elegans). Since C. elegans was widely used as laboratory research organism, a number of compounds and signaling pathways have been demonstrated to regulate lifespan significantly [1] . Regulatory mechanism of aging is complex, coupled by genes and external environment simultaneously. Some papers have discovered classical signaling pathways that could regulate lifespan in short-lived animals including C. elegans and Drosophila and confirmed the similar effects on mammals [2] . For examples, inhibitory of Insullin / IGF-1 signaling and TOR signaling can lead to lifespan extension in various animals, from nematodes to mice [2] [3] [4] [5] [6] [7] [8] [9] [10] . On the other side, overexpression of AMP kinase and sirtuins has reported to prolong lifespan C .elegans as well [2, 11, 12] . Furthermore, recent aging research also focuses on screening the effect of chemicals and drugs on aging. A series of papers have reported that intake of several compounds, included ethanol, metformin and D-allulose, could extend lifespan significantly in C. elegans through different mechanisms [13, 14, 15] .
Meanwhile, Lopez-Otin et al reported in 2013 that deregulated nutrient-sensing is one important aging-related hallmark [16] . It indicated that intake of necessary nutrition may result in delay in organismal aging. So exploring what are the essential nutritional factors for prolonging lifespan is good to promote aging research. Amino acids are widely known as essential nutrition in our diet. The effect of amino acids on lifespan extension in both C. elegans and Drosophila was confirmed [17, 18, 19, 20] . Recent intriguing researches also indicated that BCAA-enriched mixture (BCAAem) consisting of dominant L-valine, L-isoleucine, and L-leucine plus some other amino acids could increase the average lifespan of mice steadily [21] . This was likely the consequence of increased mitochondrial biogenesis and reduced oxidative stress in cardiac and skeletal muscles via eNOS-mediated mechanisms. The similar longevity-promoting effect of both BCAAem and pure BCAAs on survival rate in Saccharomyces cerevisiae was also reported [22] . However, there is limited information how individual branched-chain amino acid affects the aging rate in C. elegans.
In this paper, we first did a screening of individual branched-chain amino acid (Val, Leu and Ile) at three different concentrations on the lifespan of the wild type C. elegans. We found only 1000μM and 10000μM Leu could extend lifespan significantly. Then we observed how Leu supplementation change physiological characters of nematodes and checked if Leu could promote resistance to stress included heat shock, oxidative stress and UV irradiation. Results showed that lifespan extension in Leu-treated worms was accompanied with improved resistance to thermal treatment, oxidative stress and UV irradiation. Then we confirmed Leu-induced lifespan extension was dependent on daf-2 and daf-16 which were two important genes in IIS signaling pathway. We also detected the raised mRNA expression of daf-16 using quantitative real-time PCR. In summary, our results suggested supplementary Leu could extend lifespan through increased stress resistance and inhibited IIS signaling.
Material and Methods

Chemicals, Strains and Culture
L-Valine (Val), L-Leucine (Leu) and L-Isoleucine (Ile) were purchased from Sangon Biotech (Shanghai, China) and dissolved in sterile ddH 2 O. Worms were cultured at 20°C as previously described unless otherwise stated [23] . Strains used in this paper were N2 CGCH [24] , CB1370 daf-2(e1370) III, and CF1038 daf-16(mu86) I. All strains were provided by Caenorhabditis Genetics Center (CGC).
Lifespan Assays
Several young adult worms were cultured on nematode growth medium (NGM) seeded with E. coli OP50 for laying eggs. One day later plates with gravid adults and eggs were used for synchronization to get plenty healthy eggs. All the eggs were cultured on NGM plates and NGM plates added with different concentrations of BCAAs separately. Two days later L4 larvae were transferred to different kinds of NGM plates. The day of L4 stage was recorded as day 0 and survival rate was counted every day until all the worms were dead.
Brood Size Counting
Single worm was cultured on NGM plates with or without Leucine from L4 stage. There were 15 plates for each group. Worms were transferred to new plates every 24 hours and eggs in the old plates were counted.
Body Length Measurement
Random 3 worms per group were treated with 0.2% levamisole from day 5 to day 10. Yongheng XYH-3A microscope was used to take pictures of worms and Shangguang Camera software was used to measure body length.
Stress Resistance Assays
Synchronized larvae were put on NGM plates with or without Leucine and cultured at 20°C for 5 days. All the stress resistance experiments were repeated three times (90 worms per group in total) as previously described [25] . For Heat shock experiment, 30 worms per group were transferred to 40°C incubator. Survival rate was counted every hour after heat shock. For Oxidative stress experiment, 1.5g/L paraquat was added to each plate on day 5 after synchronization to induce oxidative damage. Survival rate was counted every hour. For UV irradiation experiment, 30 worms were transferred to Leu treated NGM plates at L4 stage and UV-irradiated with the use of a JS-350B handheld Ultraviolet Lamp (Peiqing, Shanghai) equipped with two 254nm bulbs (15w per bulb) from day 5 after synchronization. The handheld Ultraviolet Lamp was put about 12cm away from NGM plates with nematodes. After UV irradiation survival rate was counted every 12 hours.
Gene Expression
Synchronized worms were put onto NGM plates added with 1000μM at 20°C for 10 days. Total RNA was extracted from nematodes using UNIQ-10 column Trizol total RNA extraction kit (Sangon, Shanghai) and was reverse transcribed into cDNA using AMV first strand cDNA synthesis kit (Sangon, Shanghai). The expression of mRNA was detected by quantitative real-time PCR on Applied Biosystems Step-one system. Gene expression data was analyzed using the comparative 2 −ΔΔCt method with GAPDH as the reference gene. The sequences of primers used in this paper were as follows: GAPDH, 5'-TCG CCA AGG AAG GAA AGT-3' (F) and 5'-AAG TGG AGC AAG GCA GTT AG-3' (R). DAF-16, 5'-ATG ATG GAG CCT TAC TTG GA-3' (F) and 5'-CTT GTG GAT TTG CAT TTG TG-3' (R).
Statistical Analysis
GraphPad Prism 6.02 was used to perform data analysis. Kaplan-Meier survival analysis and log-rank were used to analyze survival rate. Multiple comparison t test was used to compare body length and brood size.
Results
Leucine Extends Lifespan in Wild-Type C. elegans
We checked the effect of BCAAs on lifespan in wild-type C. elegans at different concentrations. From the results we found supplementary L-Valine (Val) could shorten lifespan significantly at all concentrations. However, worms fed with more than 1000μM L-Leucine (Leu) lived longer than those cultured on normal NGM plates. Compared to the control group it showed 11.4% (p<0.05) and 13.1% (p<0.01) lifespan extension caused by supplementation of 1000μM and 10000μM Leu separately ( Figure 1 and Table 1 ). 
Leucine Increases Body Length Slightly
We observed changes of worms caused by added Leu by measuring body length from day 5 to day 10 after L4 stage and counting brood size. The conclusion was that lifespan extension induced by high concentration Leu was not coupled with change of brood size (Figure 2A ). Interestingly, both 1000μM and 10000μM Leu could increase body length significantly on day 7 and 10000μM Leu even caused longer bodies of worms on day 6 as well ( Figure 2B ). It suggested that 1000μM Leu and 10000μM Leu could extend C. elegans lifespan without changing reproductive ability and delaying development obviously.
Leucine Improves Stress Resistance
Several experiments were performed to detect whether supplemental Leu could improve resistance in C. elegans to strict stresses including heat shock, oxidative damage and UV irradiation. Survival rate and mobility analysis were used as indicators to determine healthspan of worms. Results suggested that Leu-treated worms show significantly improved resistance to high temperature plus more significantly improved resistance to added paraquat and UV exposure ( Figure 3 ). The survival rate of worms treated with 1000μM and 10000μM Leu was significantly higher than untreated worms when faced with oxidative pressure by paraquat. Additionally there were 2-3 fold more active worms after 2 hours fed with paraquat in Leu treated groups ( Figure 3B ). It is interesting that Leu-treated worms also showed improved resistance on both extended lifespan and increased proportion of active worms under UV irradiation condition ( Figure 3C ).
Lifespan Extension Induced by Leu is Dependent on IIS Signaling Pathway
Insulin / IGF-1 signaling pathway has been proved to be one of the most important pathways in regulating longevity and is conserved in various organisms. To further explore the possible molecular mechanisms of longevity regulation we also observed the effect of 1000μM Leu on lifespan in daf-2 and daf-16 mutants. Interestingly, although Leu-treated wild-type worms lived longer than untreated worms, the lifespan of daf-2 and daf-16 mutants treated with 1000μM Leu was similar to the control group ( Figure 4A, B and Table 1 ). It indicated that lifespan extension caused by Leu supplementation was dependent on IIS signaling pathway. The mRNA expression of DAF-16 was analyzed using quantitative real-time PCR. Results showed that 1000μM Leu increased expression of DAF-16 in wild-type worms significantly (Figure 4 C) . 
Discussion
Previous research [17] reported that serine and proline, not leucine, showed the largest effects on lifespan extension for C. elegans at the similar experimental conditions as in our lab. Our lab has also scanned amino acids other than BCAAs for their effects on lifespan in C. elegans using the N2 strain and the similar experimental conditions [Wang Hongyuan thesis for Master degree, 2013, Harbin Institute of Technology (Weihai)], and found that around half amino acids shortened the lifespan (Table 2) , different from the literature [17] that most of the 20 tested amino acids extended the lifespan. One of the probable reasons for this discrepancy may lie on the fact that scanning of 20 amino acids needs a large number of worms to manipulate by hand and is very liable to bring experimental errors, while the worm number of around 30 is not enough for accurate lifespan determination. Detailed data can be found in Table S1 . After three batches of experiments, with each experiment using 28-35 worms, Cys (10×), Asn (10×), Thr (10×), Asp (10×), Tyr (1×), and Met (1×) were very stable for their effects on the lifespan (Table S2) . Among the 20 amino acids, however, Leu is a specific one that has been heavily studied in the context of lifespan extension, mitochondrial biogenesis and related biological functions in different species, tissues or cell types. Table 3 summarized over 15 reported typical cases in which amino acids, especially Leu, when properly elevated for their concentration levels, prolonged the lifespan of model organisms or induced biological phenotypes that may benefit the lifespan extension. It is clear that Leu is able to work as a regulator for these signaling pathways. But how these pathways coordinate quantitatively under the Leu stimuli needs further investigation in many different cells or tissues. Leucine exerts similar molecular effects on similar signaling pathways in different species, tissues or cell types, but the resulting phenotypes in different species may be pleiotropic. Moreover, yeast genetics studies indicated that lifespan elongation can be achieved in many ways [26] , suggesting that lifespan extension is merely a phenotype governed by several interwining pathways and the status of these pathways can be disturbed by many gene mutations, metabolites, nutrients or environmental signals. This is consistent with a dozen of case studies in which Leu can synergistically work with other small molecules to extend lifespan or promote related phenotypes [27] .
There are several lines of evidence that Leu is different from Val and Ile in regulation of cellular processes [21, 22, 28] , especially, three BCAAs differentially play their own distinct roles for influencing activities of the following signaling pathways: insulin signaling, TOR signaling, mitochondrial biogenesis, AMPK/Sir2.1 signaling, TCA cycle regulation, and stress responding pathways. That is also the reason why this study's first aim was to get clear if all of the three amino acids similarly affect the lifespan of C. elegans.
Previous reports also found that the thermotolerance (under 35°C) of C. elegans was improved by amino acid supplementation of proline or tryptophan, but not Leu [17] . Because of the above mentioned discrepancy between literature [17] and our own results, three different types of stresses were tested on Leu-fed worms. In this study, 1000μM Leu supplementation preserved at least 2-fold more active worms under 40°C for 6hrs than the control group (Figure 2A) . In the literature [17] , amino acids were also tested for the worm's resistance to oxidative stress, but only histidine showed slight protection effect and histidine was not one of those extending the lifespan to the greatest extent. To note, increased UV irradiation protection effect exerted by Leu supplementation was first reported for C. elegans in this study, and the significant improvement of survival rate was also observed at 1000μM Leu ( Figure 2C ). Considering that there is no decreased body length and brood size compared to worms fed with normal E. coli OP50, all these results suggested that supplementary individual BCAA could regulate aging process independent on changing the general developmental process of worms. Plus, added Leu in diet is also beneficial to increase stress resistance, which was also shown in other literature [29] . So intake of Leu may be good for both lifespan and healthspan of the model organism.
In conclusion, in this paper we found that Leu, Val and Ile played different roles for lifespan extension of C. elegans, described the positive effect of Leu supplementation on anti-aging in C. elegans and explored the possible molecular mechanism. Especially, the lifespan extension in Leu-treated worms was accompanied with improved resistance to thermal treatment, oxidative stress and UV irradiation. It requires further investigations in the level of systems biology to understand comprehensively how leucine perturbs and orchestrates the metabolic network and signaling pathways. Meanwhile, this work provided more evidence to confirm the benefit of Leu as a possible health-promoting reagent. Note: 28-35 worms were used for each experiment. Each amino acid has three concentrations (0.1×,1× and 10×).All amino acids in this table were added into 100 mL NGM medium by 0.0076g for the concentration of 1× (around 0.5 mM for each amino acid). Table S2 . Amino acids other than BCAAs have differential effects on lifespan of C elegans in three trials Table S1 , and data of Trial 2 and Trial 3 were not listed. 30-35 worms were used for each experiment. The -and + represent significant (*p<0.05 or **p<0.01) attenuation and elongation of lifespan relative to the control, respectively. The letter n means no effect. Each amino acid has three concentrations (0.1×,1× and 10×).All amino acids in this table were added into 100 mL NGM medium by 0.0076g for the concentration of 1× (around 0.5 mM for each amino acid).
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